ABSTRACT: Water deficit is one of the most important abiotic stress limiting upland rice yield in the "Cerrado" region of Brazil. Selecting drought tolerant cultivars is an important strategy to overcome this constraint. Two greenhouse experiments were conducted at Santo Antônio de Goiás, state of Goiás, Brazil, to compare the response of normalized transpiration rate (NTR) of three modern (BRS Primavera, BRSMG Curinga and BRS Soberana) and one traditional (Douradão) upland rice cultivars to soil water deficit during the vegetative and reproductive growth stages. This information will support breeding strategies to improve rice yield in a drought-prone target population environments (TPE) in Brazil. NTR and the total fraction of transpirable soil water (FTSW) were calculated, plotted and adjusted according to a sigmoid non-linear model. The p factor, defined as the fraction of available soil water that can be removed from the root zone before water deficit occurs, was calculated by assuming that it occurs when NTR is equal to 0.95. Modern cultivars had a higher value of p for the reproductive phase than for the vegetative phase. In addition, these cultivars are better adapted to express their potential yield in regions with low intensity and occurrence of water stress and the traditional cultivar is enable to better support adverse conditions of water stress. It can be concluded that there is need to precisely characterize drought patterns in TPEs. This information can focus the breeding program to improve drought tolerance in modern upland rice cultivars. Key words: Oryza sativa, available soil water, dry spells, fraction of soil water transpiration
Introduction
The use of drought tolerant cultivars is the most promising strategy to minimize the effects of water deficit on upland rice growth and productivity during the rainy season. The use of highly drought-tolerant donors as parents in crosses with high yielding but susceptible varieties resulted in a higher frequency of genotypes combining high-yield potential with drought tolerance . However, it is complex to select these cultivars, as yield under drought is the result of many physiological processes involved in the carbon and water balances of the crop (Turner et al., 2000) . Under drought, the leaf gas exchange of plants is reduced and this leads to lower biomass accumulation and grain yield. Previous reports on several crops show genotypic differences in how leaf gas exchange responds to water stress, with certain genotypes being capable of sustaining plant transpiration until the soil becomes fairly dry, whereas others react with a decline in transpiration Sci. Agric. (Piracicaba, Braz.), v.68, n.1, p.24-30, January/February 2011 when the soil is still relatively wet. This has been observed over a wide range of crops, maize (Ray and Sinclair, 1997) , soybean (Vadez and Sinclair, 2001; Hufstetler et al., 2007) , groundnut (Bhatnagar-Mathur et al., 2007) , rice and pearl millet (Kholová et al., 2010) . This also supported the robustness of using the fraction of transpirable soil water (FTSW) as a stress covariable in drought studies (Serraj et al., 2009) . Therefore, the soil moisture threshold, the factor of FTSW where transpiration declines is extremely useful to understand and forecast the genotypic behavior in face of water deficit (Sadras and Milroy, 1996; Ray and Sinclair, 1997) . Rice genotypes can respond differently to drought as a function of the phenological development (Pantuwan et al., 2002; Fisher and Fukai, 2003) . This study aimed to compare the response of the transpiration rate of four upland rice cultivars to soil water deficit during the vegetative and reproductive growth stages to support breeding strategies to improve rice yield in a drought-prone target population environment in Brazil.
Material and Methods
Two greenhouse experiments, with two sowing dates, were conducted at Santo Antônio de Goiás, state of Goiás, Brazil, during 2008 to evaluate the response of four upland rice cultivars to soil water deficit at different phenological phases. The local climate characterization is illustrated in Figure 1 . The soil was an Oxisol with the following chemical characteristics: pH in water 4.9, Ca 1.8 mmol c dm -3 , Mg 1.1 mmol c dm -3 , Al 2 mmol c dm -3 , H+Al 40.6 mmol c dm -3 , P 0.6 mg dm -3 , K 12 mg dm -3 , Cu 1.7 mg dm -3 , Zn 0.6 mg dm -3 , Fe 34 mg dm -3 , Mn 2 mg dm -3 , and organic matter 12 g dm -3 . The experiments were conducted in plastic pots. Each pot received 12 g of dolomitic lime, 158 mg kg -1 K, 69 mg kg -1 P, 400 mg kg -1 N, 20 mg kg -1 Zn, 5 mg kg -1 Cu, 1 mg kg -1 B, and 0.5 mg kg -1 Mo. One third of N was applied at sowing and the remaining was top-dressed at two equal rates at the beginning of tillering, V4 stage of the Counce et al. (2000) scale, and at panicle differentiation (PD), R1 stage of Counce et al. (2000) scale. Four upland rice genotypes (BRS Primavera, BRSMG Curinga, BRS Soberana, and Douradão) were chosen due to their difference in physiological traits (Heinemann et al., 2009 ) as well as due to their use as parental lines in Embrapa's breeding programs (Breseghello et al., 2008) . The BRS Primavera, BRSMG Curinga and BRS Soberana are considered modern cultivars and Douradão an old traditional cultivar. They differ in number of leaves in the main stem and consequently in the development cycle, BRSMG Curinga being the latest (medium cycle) and BRS Soberana the earliest cultivar (early cycle). The Haun index for the four cultivars is described in detail in Heinemann et al. (2009) . The observed data used in this study come from two experiments with sowing dates in 27/08/2008 and 10/17/2008. In this way it was possible to obtain a range of environmental conditions in order to minimize the extreme effects of vapor pressure deficit in the transpiration rates, which could affect the normalized transpiration rate (NTR) response to the soil drying process (Sinclair et al., 2008) . The experimental design was a completely randomized split-plot. The main plot was the water treatment (water stress, WS and no water stress, NWS) and cultivars were in the subplots. Treatments were replicated six times.
For each planting date, two experiments were conducted and named vegetative (V) and reproductive (R). For each of them 48 pots were filled with 7 kg of dry soil. After germination, plant population was thinned to one plant per pot at the stage V5 and R0, according to Counce et al. (2000) , for experiments V and R, respectively. In the V experiment, plants were grown under potential condition (no water and nutrient deficit) until leaf number 5 on the main stem emerged. At this plant stage soil water evaporation losses were minimized by covering the pots with a plastic film leaving out only the plant. Half of the pots, considered as control (24 pots), were kept daily well watered (NWS treatment). The other set of pots (24) did not receive water anymore (WS treatment). All pots were weighted daily (three times per day) to estimate transpiration losses. For the R experiment, the same procedure was used, however, plants were grown under potential conditions until R0, beginning of panicle initiation (Counce et al., 2000) . The pots were covered with plastic film when each cultivar reached the R0 stage. This phase has the highest probability of water stress occurrence in the Goiás State for upland rice (Heinemann et al., 2008) .
Water content data of the experiment were expressed as a function of the fraction of transpirable soil water (FTSW). The applied methodology was based on Wahbi and Sinclair (2007) . Total transpirable soil water (TTSW) was the difference between the pot weight at 100% of the water holding capacity (pot weight about 8.9 kg) and its weight when the transpiration rate of the stressed plants (WS treatment) was less than 10% of that of the control plants (NWS treatment) (pot weight about 7.3 kg). The daily value of FTSW was estimated as the ra- where WT n -WT n+1 is the actual pot weight (amount of transpirable soil water in the pot) in the WS treatment, and n is the number of the weighing operation. The actual pot weight was obtained by weighting the pots daily during the drying cycle. The transpiration rate (TR) was calculated by dividing the transpiration of each individual plant of a given genotype from the WS treatment by the average of the NWS (control treatment) transpiration of that genotype. Secondly, the TR was normalized by dividing each TR value over time by the average of the TR value for the first two days of the experiment when there was still no water limitation in WS treatment. This second normalization resulted in the normalized transpiration rate (NTR), which accounted for the plant to plant variation in transpiration within each genotype. Transpiration was calculated just subtracting the covered pots from the WS treatment three times per day during the period of water deficit. No attempt was made to correct for the small increase in plant mass during the experiment, which would have resulted in a small error causing a small underestimate of the lower end point (Sinclair and Ludlow, 1986; Wahbi and Sinclair, 2007) . The WS treatment finished when plant transpiration was 10% of the control treatment (NWS), assuming that under these conditions plants almost died.
Values of NTR and FTSW obtained during the drying experiments for each plant on each day were all combined to obtain the NTR response curve for each cultivar in each experiment as a function of FTSW. The response data were analyzed using a sigmoid non-linear model (eq. 2). This model was proposed by Muchow and Sinclair (1991) for drought studies in crop plants:
where, a and b are empiric parameters.
All regressions were calculated using the R software, v.2.9, nls function from NLME package (R Development Core Team, 2009). The empiric parameters a and b for both phases, vegetative and reproductive, for each cultivar were compared using an average test based on the confidence interval at 95% of probability using the function confint from the package MASS (R Development Core Team, 2009).
The p factor, defined as the average fraction of TTSW that can be depleted from the root zone before reduction in transpiration occurs, was calculated by the following equation:
In this study, the same approach used by Sadras and Milroy (1996) was assumed, which considers that the p factor occurs when NTR was equal to 0.95.
Results and Discussion
For the V experiment, the duration of the stress treatment was 19 and 12 days for the first and second sowing dates, respectively. Basically, there was no difference among cultivars for both sowing dates. For the R experiment, the duration of stress treatment for cultivars BRS Primavera, BRS Soberana and Douradão were nine and seven days and for BRSMG Curinga seven and six days, for the first and second sowing dates, respectively. The number of observed data was larger for the vegetative phase (Figure 2a, c and e, g ) due to the longer duration of the V experiment in this phase for all cultivars, compared to the R experiment duration. The reason was that in the vegetative phase, the amount of above ground biomass is less than in the reproductive phase. The values of the parameters of the empirical model are shown in Table 1 and they were significant at the 5% for all cultivars in both phases, with exception of cultivar BRSMG Curinga, whose value of the a parameter in the reproductive phase was significant at the 10% probability level. This parameter is related to the curve deflection. This was responsible for the higher standard errors (Table 1 ) and confidence intervals (Figure 2) .
The values of the a empiric parameter were lower in the vegetative phase (Table 1) for all the cultivars, except BRS Primavera. For this cultivar, the a parameter showed the highest standard error (Table 1) probably due to some observed data trend from sowing (8/27) ( Figure 2c) . Based on the a parameter confidence interval at the 95% probability level, there was a difference between the vegetative and reproductive phases for cultivars Douradão and BRSMG Curinga (Figure 3a) . The b empirical parameter (equation 2) is related to the inclination of the linear model phase. For all cultivars, the values of b were lower in the vegetative phase compared to reproductive phase. Based on the b parameter confidence interval at 95% probability (Figure 3b) , there was no difference between vegetative and reproductive phases for all evaluated cultivars. However, the variance was not heterogeneous for all adjusted models, and usually this will not influence parameter estimates, but may result in a misleading conclusion on the confidence intervals (Carroll and Ruppert, 1988) .
This study was conducted to evaluate the adaptive responses of four upland rice cultivars to water stress in different phases of development, i.e. vegetative and reproductive. The hypothesis was that physiological plant process, such as transpiration, is influenced by the progressive water deficit and that there are genotypic differences in the adaptation of upland rice genotypes to water stress in different phenological phases. This physiological process is inhibited when the available soil moisture for transpiration ( FTSW) decreases to values in the range of 40-50%, with a trend that appears to be consistent across a wide range of environments and genotypes (Sadras and Milroy, 1996) . There were differences in the plant adaptation for water stress between the veg-Sci. Agric. (Piracicaba, Braz.), v.68, n.1, p.24-30 , January/February 2011 etative and reproductive phases (Figure 2 ). For the modern cultivars, BRS Primavera, BRS Soberana and BRSMG Curinga, the p factor was lower for the vegetative than for the reproductive phase (Table 2) . Only the traditional cultivar, Douradão, had the same p factor for the vegetative and reproductive phases. Wopereis et al. (1996) applied water stress three weeks after transplanting for flooded rice and showed that water deficit responses in young plants occurred at a lower soil water content (higher value of p factor) than in older plants. These results do not agree with the results obtained in this study. However, we applied the water stress at ± stage V5 and, in our opinion a lower p factor together a lower inclination (lower b parameter - Table 1 ) can be considered a better adaptation or growth optimization for an unfavorable condition, such as drought. Plants generally limit the leave number and area in response to water stress just to cut down the water budget at cost of yield loss (Schuppler et al., 1998) . In the vegetative phase, the amount of water used is directly proportional to transpiration and thus dry matter production. When soil moisture begins to decline, the most effective response of the plant is to reduce the transpiration. The first signs of declining soil water are leaf rolling and sto- (Fisher and Fukai, 2003) . Based on the results obtained in this study (p factor, Table 2 ), we assume, for modern cultivars, that the first signs, leaf rolling and stomata closing, are the basic mechanism for reducing the impact of drought , and are induced first in the vegetative phase than in the reproductive phase. Lilley and Fukai (1994) , Boonjung and Fukai (1996) , and Fisher and Fukai (2003) used modern cultivars and reported that the water stress effects on the vegetative phase are less damaging in yield than in the reproductive phase. BRS Primavera, BRS Soberana and BRSMG Curinga are considered new and they were released in 1997, 2003/2004 and 2005, respectively . One hypothesis to explain the observed variation of the p factor for the vegetative and reproductive phases for these cultivars is that these cultivars, based on osmotic adjustment, are not able to maintain the leaf turgor in the reproductive phase supporting stomatal conductance under lower leaf water status. According to Blum (2009) , it is defined as effective use of water and is the major engine for agronomic or genetic enhancement of crop production. Genotypic variation expressed as osmotic adjustment and leaf water potential has been reported in rice cultivars with diverse genetic backgrounds (O'Toole and Moya, 1978; Lilley and Lodlow, 1996) and under water deficits for both vegetative and flowering stages (Jongdee et al., 2002) . For upland rice breeding strategy this is adopted since 1980´s, and the selection is focused on high yield potential in targeting the favorable savanna areas where drought periods are not expected (Pinheiro et al., 2006) . Nevertheless, for the traditional cultivar, the p factor was the same in both phases. This cultivar was released in 1977 (Anonymous, 1989) . Probably, the traditional cultivar studied here did not develop the mechanism described above for modern cultivars in the reproductive phase, showing only the basic mechanism for reducing the impact of water stress, early stomatal closure at the beginning of a period of water deficit . These cultivars are better adapted to express their potential yield in the most favorable areas considering low intensity and occurrence of water deficit and the traditional cultivar is enable to better support adverse conditions of water deficit. It can be concluded that there is need to precisely characterize the drought patterns in target population environments (TPEs), instead of searching for global solutions for a generic "drought" (Heinemann et al., 2008) . The precise characterization of drought patterns for a TPE can determine in which phase there is more probability to occur a water deficit, as well as its intensity. This information can focus breeding programs to improve drought tolerance in modern upland rice cultivars.
